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A B S T R A C T 

In their early, formative stages star clusters can undergo rapid dynamical evolution leading to strong gravitational interactions 
and ejection of “runaway” stars at high velocities. While O/B runaway stars have been well studied, lower-mass runaways 
are so far very poorly characterized, even though they are expected to be much more common. We carried out spectroscopic 
observations with MAG2-MIKE to follow-up 27 high priority candidate runaways consistent with having been ejected from the 
Orion Nebula Cluster (ONC) > 2 . 5 Myr ago, based on Gaia astrometry. We derive spectroscopic youth indicators (Li and H α) 
and radial velocities, enabling detection of bona fide runaway stars via signatures of youth and 3D traceback. We successfully 

confirmed 11 of the candidates as low-mass Young Stellar Objects (YSOs) on the basis of our spectroscopic criteria and derived 

radial velocities (RVs) with which we performed 3D traceback analysis. Three of these confirmed YSOs have kinematic ejection 

ages > 4 Myr, with the oldest being 4.7 Myr. Assuming that these stars indeed formed in the ONC and were then ejected, this 
yields an estimate for the o v erall formation time of the ONC to be at least ∼ 5 Myr, i.e. about 10 free-fall times, and with a 
mean star formation efficiency per free-fall time of ε̄ff � 0 . 05. These results fa v our a scenario of slow, quasi-equilibrium star 
cluster formation, regulated by magnetic fields and/or protostellar outflow feedback. 

Key words: techniques: spectroscopic – surv e ys – stars: kinematics and dynamics – stars: pre-main-sequence – open clusters 
and associations: individual: Orion Nebula Cluster. 
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 I N T RO D U C T I O N  

tars tend to form in clusters from dense gas clumps within giant
olecular clouds (GMCs) (Lada & Lada 2003 ). In their early, gas-

ominated stages, they may undergo significant dynamical evolution,
hich can lead to regions of enhanced stellar densities, mass seg-

egation, processing of multiple systems, and ejection of ‘runaway’
r ‘w alkaw ay’ stars (e.g. Marks & Kroupa 2012 ; Park er et al. 2014 ;
arias, Tan & Chatterjee 2019 ). The kinematic ‘ejection age’ of such
tars can provide an important constraint on the age of a cluster,
hich is independent and complementary to ages based on pre-
ain-sequence stellar evolutionary models. In particular, the oldest

jected runaways from a cluster offer model independent lower limits
n cluster age. For a still forming cluster, the cluster age gives
 lower limit on the age spread of the system and thus an upper
imit on the time averaged star formation rate (SFR), or equi v alently
he star formation efficiency per free-fall time ( ̄εff ). This is a basic
arameter that can help distinguish different theoretical models of
tar cluster formation, i.e. between those involving ‘fast’ formation
ithin one or a few free-fall times (e.g. Elmegreen et al. 2000 )
 E-mail: joseph.armstrong@chalmers.se 

f  

(  

3  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( http:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
nd those assuming ‘slow’, quasi-equilibrium formation (e.g. Tan,
rumholz & McKee 2006 ). Furthermore, the fraction of stars that
ecome runaways depends sensitively to the duration of the dense,
arly, gas-rich phase (Oh & Kroupa 2016 ; Farias et al. 2019 ). So
n accurate assessment of this time-scale from finding oldest known
unaways enables a more accurate prediction of the global runaway
opulation. 
Most known runaway stars are bright O- and B-type stars (e.g.

etzlaff, Neuh ̈auser & Hohle 2011 ), since they are easier to observe
han fainter, lower-mass stars. However, N -body simulations (e.g.
arias et al. 2019 ; Schoettler et al. 2019 ) predict that most runaway
tars will be of low mass. With the availability of high-precision
-parameter astrometry from Gaia (Gaia Collaboration 2021 ), we
re now able to extend our search for runaways to these numerous
ow-mass stars too. However, with only plane of sky proper motion
nd spatial information that enables a ‘2D-traceback’ type analysis,
here are generally many field star interlopers that can masquerade
s runaway candidates (e.g. Farias, Tan & Eyer 2020 ). Radial
elocity information can help reduce this contamination, but current
aia releases do not provide radial velocities (RVs) for relatively

aint stars, and those that are available have large uncertainties
 ∼15 km s −1 for sources with V = 15.7 mag). To analyse the full
D velocities of low-mass candidate runaways, it is necessary to
© 2025 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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ombine Gaia astrometry with spectroscopic radial velocities. The 
ame spectroscopic observations can also yield indicators of stellar 
outh, e.g. H α emission or Li absorption, which are then the key
ests for secure identification of a low-mass runaway star from a 
oung cluster. 
The Orion Nebula Cluster (ONC) is the nearest dense ( >

0 4 M � pc −3 ; see Hillenbrand 1997 ) cluster that is still forming stars
 ∼400 pc; e.g. Kuhn et al. 2019 , ∼4 Myr; e.g. Da Rio et al. 2016 ),
aking it an important test case for theories of star cluster formation.
ecent studies have identified high velocity stars consistent with 
aving been ejected from the ONC (McBride & Kounkel 2019 ; 
arias et al. 2020 ; Platais et al. 2020 ; Schoettler et al. 2020 ; Bobylev
 Bajkova 2021 ), but these works lacked precise radial velocities for

he majority of their runaway candidates and so have been largely 
imited to analysis in 2D. In particular, Farias et al. ( 2020 ) used Gaia
R2 proper motions to search for runaway candidates in a 45 ◦ radius

round the ONC, in combination with Gaia and WISE photometric 
lassifications (Marton et al. 2019 ) and optical variability (Cody 
 Hillenbrand 2014 ), to identify young stellar objects (YSOs) 

onsistent with the age of the ONC. Using their best candidates, 
arias et al. ( 2020 ) constructed a high velocity distribution for the
NC that was compared with N -body simulations, showing that the 
ynamical history of the ONC is consistent with a dense primordial 
nvironment (with mass surface densities of ∼1 g cm 

−2 ) and low star
ormation efficiency per free fall time ( ∼1 per cent). However, only
 per cent of their proper motion candidates had measured radial 
elocities with which full 3D traceback could be calculated. Fewer 
han a third of sources with radial velocities had 3D traceback ages
ithin 1 Myr of their 2D traceback ages, further highlighting the 
eed for precise radial velocities. Therefore, it is imperative that 
he estimated high-velocity distribution of the ONC is cleaned of 
ontaminants in order to determine the best cluster formation models 
hat can reproduce it. 

Even one single confirmed runaw ay w ould represent a break- 
hrough in extending the age estimate of the ONC via the ejection age
ethod beyond the ∼2.5 Myr set by μ Col & AE Aur (Hoogerwerf,

e Bruijne & de Zeeuw 2001 ), yielding crucial constraints on cluster
ormation models (Tan et al. 2006 ; Farias et al. 2019 ). For this project,
e have selected the 27 highest priority targets from the Farias

t al. ( 2020 ) candidate list updated with Gaia EDR3 astrometry,
.e. being relatively bright and with 2D traceback ages > 2 . 5 Myr.

e have carried out spectroscopic observations with MAG2-MIKE 

o follow-up these candidate runaways in order to confirm their youth 
ith spectroscopic indicators (i.e. Li and H α) and to derive radial
elocities to enable 3D-traceback to determine the likelihood of their 
rigin in the ONC and the time of their ejection. 

 OBSERVATIONA L  M E T H O D S  

.1 Target selection 

o select targets for spectroscopic follow-up, we updated the Farias 
t al. ( 2020 ) list of 16 994 candidate runaways with Gaia EDR3
strometry, which has typical impro v ements in precision of proper 
otion by 33 per cent and parallax by 50 per cent compared to
aia DR2 (Lindegren et al. 2021 ). We then re-calculated traceback 
arameters, such as 2D (plane of sky) closest approach to the ONC,
jection velocity in 2D, and traceback time to closest approach for
andidates with reliable Gaia EDR3 astrometry (RUWE < 1.4). 

We cross-matched our candidate runaway list with the Gaia DR3 
ariable YSO catalogue (Marton et al. 2023 ; Rimoldini et al. 2023 )
o use this as another youth indicator. We also cross-matched the 
ample with the radial velocity compilation from Survey of Surveys 
Tsantaki et al. 2022 ) to recalculate the 3D traceback for those targets
ith known RVs. 
Runaway candidates were selected for spectroscopic observations 

f they passed two or more youth criteria (YSOflag, WYSOflag, 
ARflag, or Gaia DR3 variable YSO match, see Farias et al. 2020 ),
ad an 84th percentile predicted 3D traceback time ( t 3 D opt ) greater
han 2.5 Myr, a 2D closest approach consistent with originating 
ithin the cluster radius (10 arcmin corresponding to 1.2 pc, Farias

t al. 2020 ), an ejection velocity ( v t0 ) greater than 4 km s −1 , and an
stimated mass/ T eff (based on position in a Gaia colour–magnitude 
iagram) consistent with being in the mass range where Li is an
f fecti ve youth indicator (e.g. Soderblom 2010 ). In the 2D traceback
alculations we account for the peculiar motion of the Sun using
elocities from Sch ̈onrich, Binney & Dehnen ( 2010 ). In total this
ives us 27 candidate runaways for spectroscopic follow-up (Table 1 ).
n Fig. 1 , we illustrate how the candidates are spread across the sky.

e will refer the candidates based on their identifiers in this table
or ease of reference. 

.2 Obser v ations 

bservations took place on the 2022 December 16th and 2023 
ebruary 22 using the Magellan Inamori Kyocera Echelle (MIKE) 
pectrograph on Magellan-Clay 2 at Las Campanas Observatory 
LCO). The 1.0 arcsec slit with 2 × 2 binning was used, yielding R ∼
2 000 in the red and R ∼ 28 000 in the blue, respectively. All spectra
o v er the wav elength range from ∼3860 to ∼9000 Å. Exposure times
ere estimated for each star using the LCO exposure time calculator

o achieve a combined SNR > 20 from 3 exposures, allowing us to
easure RVs and equi v alent widths of Li and H α. 
For each target, Th–Ar lamp exposures were taken as well as a

et of 10 milky flats at the beginning of the night. Targets were
bserved in a slit pair mode, where that target spectrum is observed
n one slit while a sky spectrum is observed in the other. Between

ultiple exposures the slits used for the target and the sky spectrum
re alternated. 

.3 Data reduction 

he spectroscopic data were reduced according to standard pro- 
edures using IRAF . The processes include data cleaning (flat- 
elding, cosmic ray removal, and sky subtraction), spectral/aperture 
 xtraction, and wav elength calibration using Th–Ar comparison 
pectra. The reduction process resulted in multi-order spectra, which 
hen were merged into a single spectrum and normalizeded using 
RAF task continuum and scombine . 

 RESULTS  

.1 Signatures of youth 

he youth signatures for the targets in general are predefined in
able 1 under the column labelled ‘score’, which are described in

he caption (see Farias et al. 2020 , for further details about how these
ere derived). In Table 1 , we can see that all the targets either satisfy

ll the youth signatures or only fail in one. Also, this ‘failure’ can
e due to the source not being able to be e v aluated in this metric,
uch as the lack of IR photometry needed to e v aluate the WYSOflag
or 75 per cent of all candidates (Farias et al. 2020 ). Therefore, we
xpect that the selected targets do already have a high likelihood of
eing YSOs. Here, we report on their additional youth indicators of
MNRAS 537, 1320–1333 (2025) 
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Figure 1. Spatial distribution of the 27 candidate runaways for spectroscopic follow-up. Those candidates with detected Li absorption, i.e. most likely to be 
YSOs, are coloured blue. The ‘ x ’ symbol indicates the location of the ONC. The arrow indicates the proper motion of the ONC and the magnitude scale (mas 
yr −1 ) of proper motion vector is indicated by the scale bar in the bottom right. The background is DSS2 Blue map of region around the ONC accessed from 
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i and H α (Fig. 2 ) and then further examine their Gaia variability
roperties and their degree of IR excess. 
Since we do not have multi-epoch spectra for our targets, we cannot 

ule out the possibility that some may be spectroscopic binaries. 
o we v er, runa way stars ejected by dynamical disruption of multiple

ystems are expected to be predominantly single stars (Leonard 
 Duncan 1990 ; Perets & Šubr 2012 ; Schoettler 2022 ). It is also

nlikely that a spectroscopic binary system will have an observed 
adial velocity that happens by chance to be consistent with ejection 
rom the ONC. Therefore, we continue our analysis assuming that 
hese are single stars. 

.1.1 Li and H α equivalent widths 

tars with high levels of magnetic activity (and therefore young) 
hould exhibit hydrogen emission features. The youngest stars may 
lso have ongoing accretion. The presence of lithium in the photo-
pheres of low-mass stars can also be used to identify young stars
Soderblom 2010 ). Low-mass, fully conv ectiv e stars are particularly
fficient at burning lithium, which would then no longer be visible
n the photosphere after a certain time. If the EW of the lithium 6708

line in such stars is several hundred m Å the star is likely to be
ounger than 20–30 Myr. 
We therefore look for the presence of H α and Li 6708 Å in the

pectra of the observed candidates. We measure the equi v alent widths
f H α and Li 6708 Å using IRAF task splot , where we fit the lines
ith Gaussian profiles. The measurements are done for the individual 

xposures of each source and we then calculate the mean EW value
or every star. Uncertainties were calculated using the Cayrel formula 
Cayrel 1988 ), which assumes a Gaussian line profile and depends
n the full width at half-maximun of the line, on the pixel size (in
avelength units) and on the S/N ratio. Measured equi v alent-widths

nd their respective uncertainties are given in Table 2 . 
MNRAS 537, 1320–1333 (2025) 
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Figure 2. H α emission ( top) and lithium 6708 Å ( bottom ) profiles in combined spectra of selected candidates. The fluxes are normalized non-calibrated counts. 
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Table 2. Results of spectral and traceback analysis for targets with spectroscopic youth indicators. Columns are; Gaia DR3 unique ID number, equi v alent width 
of Li, equi v alent width of H α, heliocentric radial velocity, time since closest approach to the ONC, distance of closest approach to the ONC, Farias et al. ( 2020 ) 
score for youth criteria met and flag for traceback consistent with originating from the ONC. 

ID Gaia ID EW(Li) EW(H α) v r v 3D , ONC τmin , 3D D min , 3D Score Bonafide 
(m Å) (m Å) (km s −1 ) (km s −1 ) (Myr) (pc) 

OBJ-2 3192134597649605376 750 ± 82 13260 ± 99 20 . 56 ± 0 . 43 31.17 4 . 40 ± 0 . 27 0 . 25 ± 6 . 69 aI � 

OBJ-5 3207501131641282176 600 ± 75 15400 ± 104 15 . 87 ± 0 . 42 13.42 2 . 57 ± 0 . 80 19 . 47 ± 7 . 01 aI 
OBJ-6 3208291783581908608 616 ± 68 13700 ± 105 16 . 96 ± 0 . 42 12.84 4 . 34 ± 1 . 07 2 . 32 ± 9 . 09 bI � 

OBJ-7 3207022053810350976 529 ± 87 9310 ± 126 14 . 96 ± 1 . 02 15.26 3 . 19 ± 0 . 72 8 . 01 ± 6 . 81 aI � 

OBJ-9 2984454031031531008 643 ± 42 6220 ± 57 19 . 78 ± 1 . 01 15.06 4 . 68 ± 0 . 31 5 . 02 ± 3 . 11 aI ∗ � 

OBJ-10 3216889827071056896 440 ± 102 5425 ± 127 31 . 44 ± 2 . 73 13.38 1 . 52 ± 0 . 92 1 . 67 ± 10 . 57 bI � 

OBJ-11 3215804677813294976 513 ± 62 10510 ± 86 3 . 54 ± 0 . 81 25.16 1 . 08 ± 0 . 71 4 . 28 ± 18 . 59 bI � 

OBJ-12 3012142379518284288 810 ± 62 4560 ± 77 21 . 88 ± 2 . 42 14.13 2 . 22 ± 0 . 46 4 . 28 ± 7 . 09 bI ∗ � 

OBJ-14 3219378365481960832 696 ± 63 4610 ± 85 38 . 78 ± 4 . 41 16.43 2 . 11 ± 0 . 63 25 . 63 ± 5 . 26 bI! 
OBJ-15 3216174629116142336 520 ± 46 186100 ± 88 27 . 18 ± 1 . 67 11.82 1 . 85 ± 0 . 34 10 . 54 ± 4 . 66 bI 
OBJ-22 3017382033474172800 549 ± 48 8710 ± 60 14 . 57 ± 1 . 28 13.69 0 . 97 ± 0 . 30 0 . 52 ± 3 . 64 bI � 

Figure 3. Ef fecti ve temperature ( T eff ) versus equi v alent-width of Li 
(EW(Li)) for 11 runaway candidates that meet our spectroscopic youth 
criteria. Coloured lines are EAGLES Li depletion models (Jeffries et al. 
2023 ) for 1, 3, 4, 10, and 20 Myr, with the shaded regions indicating their 1 σ
uncertainty. T eff s were estimated by comparison to PARSEC (Marigo et al. 
2017 ) stellar evolution models on a de-reddened Gaia DR3 BP-RP v G-RP 
colour-colour diagram (see Section 3.1.1 ). 
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Out of 27 observed targets, we found 11 stars with EW(Li) abo v e
he thresholds commonly used for YSO signatures (e.g. EW(Li) > 

.1–0.2 Å, Jeffries et al. 2014 ; Armstrong et al. 2020 , 2022 ). EW(Li)
or each of these 11 targets is notably large, ranging from 0.44 Å for
he smallest to 0.81 Å for the largest. In Fig. 3 , we plotted the ef fecti ve
emperature (estimated by comparing position in a de-reddened Gaia 
R3 BP −RP versus G–RP colour–colour diagram with PARSEC 

Marigo et al. 2017 ) stellar evolution models, using extinction and 
eddening estimates for each source, taken from Farias et al. 2020 .)
ersus EW(Li) for these targets. And based on comparison to the 
AGLES Lithium depletion model (Jeffries et al. 2023 ), our targets 
re consistent with ages < 10 Myr. 

We also found 5 stars that e xhibit EW(H α) abo v e the thresholds
ommonly used for YSO signatures (e.g. EW(H α) > 10 Å, 
ikoghosyan & Azatyan 2019 ; Armstrong et al. 2022 ), which are

ll among the candidates with high EW(Li)s. In the 11 Li-rich
andidates, EW(H α) varies from a minimum of 4.56 Å to a maximum
f 18.61 Å. 
In Fig. 2 , we present the detected H α emission line and Li 6708 Å
rofile. In conclusion, we confirm that 11 out of 27 targets are YSOs
ased on the presence of lithium in their optical spectra. In addition
alf of these YSOs have H α emission, which may indicate accretion
ctivity. 

.1.2 Variability 

ut of the 27 observed runaway candidates 12 meet the VARflag
riteria of Farias et al. ( 2020 ): OBJ-2, 5, 7, 9, 12, 14, 15, 16, 19, 21,
2, and 23. Out of these, ho we ver, OBJ-16, 19, 21, and 23 were not
lso confirmed as YSOs by EW(Li). 

Out of the 27 observed runaway candidates we found 7 that were
ncluded in the Gaia DR3 YSO variability catalogue (see Marton 
t al. 2023 ; Rimoldini et al. 2023 ), all of which were also confirmed
s a YSO by EW(Li). 

Interestingly, only 4 candidate runaways both meet the Farias 
t al. ( 2020 ) VARflag criteria and are included in the Gaia DR3
SO variability catalogue, OBJ-2, 7, 15, and 22, all 4 of which are

onfirmed as YSOs by EW(Li). 

.1.3 IR-excess 

e also used photometric measurements from 2MASS (Cutri et al. 
003 ) and WISE to identify IR excess that indicates the presence of a
ircumstellar disc and thus is a signature of youth. A condition used
o classify the presence of IR excess is if their K – W4 is larger than
.2 (Wu et al. 2013 ). In Fig. 4 , we can see that all of the 11 Li-rich
argets are well abo v e the 0.2 threshold. 

We also constructed the SEDs of each of the 11 targets using
uxes from WISE , 2MASS, and SDSS (Abdurro’uf et al. 2022 )
hen available. Fig. 5 illustrates the SEDs and stellar photospheric 
odels from Kurucz ( 1992 ) o v erlaid with each target. In all of the
EDs, it is clear that there is a notable increment in the flux at 2.4
m, which indicates possible IR e xcess, ev en for the targets that are
ot classified as WISE YSO. 

.1.4 Li-poor targets 

mong the 16 observed targets which did not show strong Li or H α

eatures, the target ID3018141830356350976 (OBJ-20) in particular, 
s located abo v e the Baraffe et al. ( 2015 ) 1 Myr isochrone (see
ig. A1 ), yet only has an EW(Li) of 81 . 93 ± 25 . 25 m Å (see Fig. A2 ).
MNRAS 537, 1320–1333 (2025) 
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Figure 4. Diagram of J –H versus K –W4 of the runaway candidates, where 
coloured points indicate our 11 confirmed YSOs. The black dashed line 
illustrates the threshold for IR excess. 
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ossible reasons why this source appears young in the CMD could
e inaccurate reddening and extinction, and/or binarity. The other
i-poor targets, while showing other indications of youth, such as
vidence of IR-excess, are generally located well below the Li-rich
argets in CMDs, in closer proximity to 20 and 30 Myr isochrones.
he y hav e likely either depleted most of their photospheric Li at

his age, or else are older still but have inaccurate reddening and
xtinction, making them appear younger in the CMD. 

.2 Radial velocities and 3D traceback 

he 11 targets with detected lithium were cross-correlated with
atching synthetic spectra and RVs were determined from the

osition of the peak in the cross-correlation function (CCF) by
tting a Gaussian function. Synthetic spectra were produced using

he MOOG spectral synthesis code (Sneden et al. 2012 ), with Kurucz
 1992 ) solar-metallicity model atmospheres, for log g = 4.0 from
 eff = 7000 K down to T eff = 3500 K in 500 K steps. 
To perform the RV measurement we use IRAF rvsao package

Mink & Kurtz 1998 ). We computed the heliocentric velocity
orrections using the IRAF rvcorrect task. RV uncertainties
ere determined empirically from the difference in RV between n

eparate exposures of the same target ( �v r = ( v r, max − v r, min ) / 
√ 

n ).
eliocentric RV ( v r ) and uncertainties are given in Table 2 . 
Now that we have confirmed 11 of our runaway candidates as

SOs via spectroscopic youth signatures and have measured v r for
hem, we can trace back their past trajectories in 3D to confirm their
ossible origin in the ONC and estimate the time since their ejection
rom the cluster. 

We begin, as in Farias et al. ( 2020 ), by defining the reference
rame of the ONC. We adopt the central coordinates of the cluster
s RA = 05 h 35 m 16 . 26 s, Dec . = −05 d23 m 16 . 4s and the distance
s 403 pc (Da Rio et al. 2016 ). We adopt an ONC proper motion
f μα∗ = 1 . 43 ± 0 . 14 mas yr −1 and μδ = 0 . 52 ± 0 . 12 mas yr −1 

rom Kuhn et al. ( 2019 ) and cluster mean v r of 26 . 4 ± 1 . 6 km
 

−1 from Farias et al. ( 2020 ), Da Rio, Tan & Jaehnig ( 2014 ), and
oogerwerf et al. ( 2001 ). For the calculation of 3D trajectories,
bserved astrometry and radial velocities for each runaway candidate,
s well as the ONC frame, were transformed into 3D Cartesian po-
itions and velocities X, Y , Z, U, V , W (along with their associated
ncertainties) to eliminate the need for corrections of perspective
NRAS 537, 1320–1333 (2025) 
ffects caused by a spherical coordinate system and the motion of
he Sun therein. 

As in Farias et al. ( 2020 ), 3D traceback is performed using vector
lgebra. To find the time and distance of closest approach to the
enter of the ONC we use 

min , 3D = − ( X ∗ − X 0 ) ̇( V ∗ − V 0 ) 

| V ∗ − V 0 | 2 (1) 
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Figure 6. Left : Positions relative to the ONC of spectroscopically confirmed YSOs and their plane-of-sky trajectories from the position of 3D closest approach 
to the ONC. Solid lines indicate the median trajectory, faint lines indicate 100 trajectories per runaway calculated with random contributions from their proper 
motion and radial velocity errors, assuming a fixed distance. Dashed circles indicate concentric radii centred on the ONC at radial distances of 10, 20, and 30 pc. 
The blue cross indicates the central position of NGC 1980 and its median trajectory relative to the ONC is also plotted. Middle : Zoomed-in on the region around 
the ONC. Right: Line-of-sight distance (pc) against Galactic latitude. 
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nd 

 min , 3D = | ( X ∗ − τmin , 3D V ∗) − ( X 0 − τmin , 3D V 0 ) | , (2) 

here X ∗ and V ∗ are the 3D position and velocity of the star and X 0 

nd V 0 are the 3D position and velocity of the ONC. 
We find a range of 3D ejection timescales among these 11 YSOs,

anging from 0 . 97 –4 . 68 Myr with a typical precision of ∼ 0 . 5 Myr,
s well as a range of closest approach distances from 0 . 25 –25 . 6 
c with a typical precision of ∼ 6 pc. Table 2 summarizes these
esults, including measured equi v alent widths, radial velocities, and 
D traceback properties. 
In Fig. 6 , we plot the positions of the spectroscopically confirmed

SOs relative to the ONC ( ��, �b, �Di s tance), with solid lines to
ndicate their mean trajectory relative to the ONC from their point of
losest approach, and faint lines to indicate the uncertainty on their 
rajectories, produced by Monte Carlo with 100 iterations each time 
dding perturbations randomly sampled from their proper motion 
nd RV errors. The dashed circles indicate 10, 20, and 30 pc radii
entered on the ONC. We also indicate the position and past motion
f NGC 1980 relative to the ONC. 
From the abo v e results, we see that most of the 11 sources satisfy

D traceback, i.e. with D min , 3D consistent with zero within 3 σ , with
he exception of OBJ-14. We note the radius of the ONC is estimated
o be about 2 . 5 –3 pc (Da Rio et al. 2014 ; Kroupa et al. 2018 ), therefore
e can discard runaway candidates who do not trace back to a closest

pproach distance within this radius within their uncertainties. From 

his filtering process, we conclude that OBJ-14 is least likely to have
een ejected from the ONC. In addition, OBJ-5 and OBJ-15 have 
inimum ONC approach distances that are about 2 –3 σ deviant from

ero, which raises doubts about their origin in the ONC. Thus our
nalized, highest confidence sample of ONC runaways consists of 
 sources: OBJ-2, 6, 7, 9, 10, 11, 12, 22, as indicated by the last
olumn of Table. 2 . 
 DI SCUSSI ON  

.1 Comparison of kinematic ejection ages with isochronal ages 

rue YSO runaways cannot have an ejection time-scale longer 
han the age of the YSO itself. To double-check the feasibility of
hese ejection time-scales, we estimated the isochronal ages of our 
andidates using Baraffe (Baraffe et al. 2015 ), PARSEC (Marigo 
t al. 2017 ), and SPOTS (with X = 0.90 and f = 0.70) (Somers
t al. 2020 ) models (see Fig. 7 ). We took into account extinction and
eddening for each source, taken from Farias et al. ( 2020 ). We note
hat isochronal ages for low-mass YSOs estimated in this way can
ary significantly depending on the stellar evolution models used 
Table 3 ). For a given position on the colour–magnitude diagram
CMD), models that include magnetic activity, e.g. SPOTS, tend to 
redict older ages than models without such ef fects. Ho we v er, at v ery
ow masses and at very young ages, the situation can reverse, with
he Baraffe models predicting older ages. 

Given the possibility of large systematic errors in the isochronal 
ge estimates, we show the results from use of each model, treating
his an approximate way of estimating a range of possible ages.
o we ver, the formal uncertainties in the isochronal ages are difficult

o assess. 
Nevertheless, we then compared our ejection time-scales to the 

sochronal age estimates (Fig. 7 ). YSOs with isochronal ages similar
r older than their ejection time-scales are more likely to be old
nough to have been ejected from the ONC, given their current
osition and velocity. On the other hand, YSOs with isochronal ages
ounger than their ejection time-scales should be excluded from 

aving been ejected from the ONC. We have shaded this ‘forbidden
one’ in grey in Fig. 7 . Ho we ver, we note that uncertainties in the
jection and isochronal ages could cause stars to scatter into this
orbidden zone. From this assessment, OBJ-7 is the most suspect, 
ince its oldest isochronal age estimate (from Baraffe) is only about
0 per cent of its ejection age. Still, even here, given potential
ystematic uncertainties in isochronal ages, we consider that this 
ource could still be an ONC runa way. F or the remaining sources,
MNRAS 537, 1320–1333 (2025) 
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Figure 7. Top : Gaia DR3 BP–RP colour–MG absolute magnitude diagram for spectroscopically confirmed YSOs in our sample. Extinction AG and reddening 
E (BP–RP) are estimated per source from Gaia . Overlaid are Baraffe et al. ( 2015 ), PARSEC (Marigo et al. 2017 ), and SPOTS (Somers, Cao & Pinsonneault 
2020 , x = 0.9, f = 0.7) isochrones for 1, 2, 3, 4, and 5 Myr. Bottom : Plot of isochronal ages estimated by CMD position relative to Baraffe et al. ( 2015 ), PARSEC 

(Marigo et al. 2017 ), and SPOTS (Somers et al. 2020 , x = 0.9, f = 0.7) isochrones–ejection time-scales for spectroscopically confirmed YSOs. 
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e find that isochronal age estimates are generally consistent with
heir ejection ages. 

.2 Confirmed ONC member 

ne of our runaway candidates, OBJ-22 (Gaia ID
017382033474172800), also known as V ∗ V1781 Ori, has
een reported by Rebull ( 2001 ) as an M2.5 star member of the
NC. The interpolated temperature suggests that this object has
 temperature of approximately 3700 K. The age estimation for
his object ranges from 0.4 to 1.00 Myr. Based on our traceback
alculation, the star should have been ejected 0 . 97 ± 0 . 30 Myr ago,
ith the closest approach to the ONC of 0 . 52 ± 3 . 64 pc, which is

he second smallest among our candidates. Considering both the
losest approach and time-scales of the object, it is evident that
BJ-22, or V ∗1781 Ori, is not only a member of the ONC but also
 relatively recent runaway star. 

.3 Alternati v e origin clusters 

part from the ONC, the Orion star-forming region is a large complex
onsisting of many sub-regions ranging from sparse associations to
ense clusters. In order to be more certain that the ONC is the
rigin of our runaways candidates we need to consider whether their
rajectories intersect with any other young clusters, especially for
andidates where their ONC ejection time-scale is greater than their
sochronal age estimate. 
NRAS 537, 1320–1333 (2025) 
We check the recent cluster catalogue of Hunt & Reffert ( 2023 )
or other young ( < 15 Myr) clusters in the region, limiting to clusters
ith a mean distance in a similar range as that of our YSO runaway

andidates ( ∼ 350–420 pc). The distribution of their members on
he sky is shown in Fig. 8 along with the positions and trajectories
f the YSOs and the position of the ONC. We note that none of
ur YSO runaway candidates are included as members of any of
hese clusters in this catalogue. We also plot other candidate YSOs
n the region, either from the Gaia DR3 variable source catalogue
Marton et al. 2023 ), APOGEE targets from Kounkel et al. ( 2018 ) or
andidate young stars identified by Prisinzano et al. ( 2022 ), as grey
oints. 
Using cluster central positions, proper motions, distances, and

adial velocities from the catalogue, we repeat the 3D traceback
nalysis for our YSOs relative to these clusters. In particular, we find
hat OBJ-14 has a D min , 3D = 8 . 85 ± 5 . 31 pc and τmin , 3D = 1 . 24 ±
 . 45 Myr relative to the σ Ori cluster (green in Fig. 8 ), making it
uch more likely to be a runaway from the σ Ori cluster (2.8 Myr,

6 members; Kounkel et al. 2022 ) than the ONC. Also, we find
hat OBJ-9 has a D min , 3D = 3 . 05 ± 6 . 04 pc and τmin , 3D = 4 . 26 ±
 . 32 Myr relative to the NGC 1980 cluster (blue cross in Fig. 6 ,
lue in Fig. 8 ), though both of these values are similar to those
alculated when tracing from the ONC. We also find that OBJ-
 has a D min , 3D = 5 . 96 ± 12 . 39 pc and τmin , 3D = 3 . 79 ± 0 . 14 Myr
elative to NGC 1980 (3.1 Myr, 34 members; Kounkel et al. 2022 ).
he argument can be made that the ONC, being the more massive
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Table 3. Isochronal ages and masses of each spectroscopically confirmed YSO estimated from Baraffe et al. ( 2015 ), PARSEC (Marigo et al. 2017 ), and SPOTS 
(Somers et al. 2020 , x = 0.9, f = 0.7) isochrones. 

ID Gaia ID Baraffe Baraffe PARSEC PARSEC SPOTS SPOTS 
age mass age mass age mass 

(Myr) (M �) (Myr) (M �) (Myr) (M �) 

OBJ-2 3192134597649605376 3.65 0.24 3.25 0.28 4.11 0.28 
OBJ-5 3207501131641282176 3.03 0.24 2.11 0.28 3.33 0.28 
OBJ-6 3208291783581908608 2.89 0.18 2.12 0.19 3.65 0.22 
OBJ-7 3207022053810350976 1.72 0.17 1.56 0.35 �1 0.20 
OBJ-9 2984454031031531008 2.99 0.42 4.00 0.58 4.25 0.51 
OBJ-10 3216889827071056896 1.26 0.18 1.79 0.63 1.17 0.43 
OBJ-11 3215804677813294976 1.85 0.16 1.84 0.36 �1 0.19 
OBJ-12 3012142379518284288 2.45 0.39 3.25 0.51 3.11 0.46 
OBJ-14 3219378365481960832 2.65 0.56 3.99 0.69 4.03 0.75 
OBJ-15 3216174629116142336 0.30 0.50 1.25 0.73 �1 0.45 
OBJ-22 3017382033474172800 0.71 0.45 1.00 0.55 1.00 0.53 
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nd dense cluster ( > 10 4 M � pc −3 ; see Hillenbrand 1997 ), will have
any more dynamical interactions between its members and thus 
ill eject many more runaways than NGC 1980, making OBJ-9 and 
 more likely to have originated from the ONC. 
To better quantify this hypothesis, we make an estimate of the 

entral density of the NGC 1980 cluster. We have taken the sample of
64 members of NGC 1980 from the Hunt & Reffert ( 2023 ) catalogue
nd estimated masses for these by comparison to a 5 Myr PARSEC
Marigo et al. 2017 ) isochrone, which we then use to extrapolate the
otal cluster mass ( ∼ 340 ± 40 M �) and number of stars ( ∼ 1050)
rom a Maschberger ( 2013 ) IMF. We then use the total number of
tars to scale the radial profile of NGC 1980 members from Hunt
 Reffert ( 2023 ). We estimate a central projected number density

f ∼ 10 2 pc −2 in NGC 1980, which is ∼ 5 –10 times smaller than
ypical estimates for the ONC (see fig. 8 of Farias & Tan 2023 ;
 × 10 2 –10 3 pc −2 ). Assuming, conserv ati vely, that the dif ference in
D number density is at a similar level (note, that estimates of the 3D
umber density in the centre of the ONC are at a level of ∼ 10 4 pc −3 ;
illenbrand 1997 ), then this difference would then imply 25 –100 

imes lower rate of dynamical interactions in NGC 1980 than in the
NC. Furthermore, considering the total numbers of stars ( ∼ 1050 

or NGC 1980, ∼ 3500 for the ONC; Hillenbrand 1997 ), implies 
80 –350 times fewer ejections from NGC 1980 compared to from

he ONC. Thus, any candidate runaway whose trajectory is consistent 
ith originating in either NGC 1980 or the ONC is much more likely

o have originated from the ONC. 
We also check for matches between our YSO runaway candidates 

nd the runaway candidate catalogue of Kounkel et al. ( 2022 ) and
he clusters/subclusters they trace from in the plane-of-sky. OBJ-2 is 
ncluded as a possible runaway from their Rigel subcluster (5.7 Myr,
4 members; Kounkel et al. 2022 ), OBJ-10 is included as a possible
unaway from epsilon Ori-2 (3.8 Myr, 33 members; Kounkel et al. 
022 ), OBJ-11 is included as a possible runaway from NGC 1977
2.6 Myr, 22 members; Kounkel et al. 2022 ), OBJ-12 from LDN 1647
2.1 Myr, 86 members; Kounkel et al. 2022 ) and OBJ-14 from OriCC-
 (3.6 Myr, 26 members; Kounkel et al. 2022 ). None of our YSO
unaway candidates match with their cluster/subcluster members. 

LDN 1647 has a mean parallax of 2.284 mas ( ∼437 pc), and has 23
embers with RVs available from SOS (Tsantaki et al. 2022 ) giving
 mean cluster v r of 20.55 km s −1 with a dispersion of 1.01 km s −1 .
BJ-12 has a distance of 386 . 4 + 4 . 5 

−4 . 3 pc (Bailer-Jones et al. 2021 ) and
n v r of 21 . 88 ± 2 . 42 km s −1 and is thus unlikely to have originated
rom LDN 1647 as an ∼3 Myr old YSO would need to travel at

−1 
17 km s relative to the cluster to achieve a relative distance of S  
50 pc in the line of sight. In fact, OBJ-12 is likely to be moving
owards LDN 1647 in the line of sight and therefore cannot have
riginated from it. 
NGC 1977 has a mean parallax of 2.572 mas ( ∼389 pc), and has

 members with RVs available from SOS giving a mean cluster v r of
0.10 km s −1 with a dispersion of 0.91 km s −1 . OBJ-11 has a distance
f 370 . 9 + 10 . 8 

−10 . 3 pc (Bailer-Jones et al. 2021 ) and an v r of 3 . 54 ± 0 . 81
m s −1 and is thus moving away from the cluster at a relative velocity
f 26.56 km s −1 . Therefore, if OBJ-11 was ejected from NGC 1977
t would have an ejection time-scale of ∼ 0 . 68 Myr. 

OriCC-9 and epsilon Ori-2 have only 2 members with RVs from
OS (Tsantaki et al. 2022 ) and the Rigel subcluster only 1, making

t difficult to determine their group 3D kinematics. Thus, we cannot
ntirely dismiss these groups as possible origins of OBJ-2, OBJ-10, 
nd OBJ-14. But again, we reiterate that as the most massive cluster,
he ONC is the more likely origin for candidate runaways in general
hen we cannot compare precise 3D trajectories. 
We also note that OBJ-5, OBJ-6, OBJ-7, and OBJ-22 are included

mong the 14 832 members of the Orion cluster 606 of Prisinzano
t al. ( 2022 ), while our other YSO runaway candidates are not
ncluded in any cluster of theirs. Ho we ver, as sho wn in Fig. 8 , OBJ-
, OBJ-6, and OBJ-7 are not clearly affiliated at present with any
ense cluster or substructure within the Orion re gion. Thus, giv en
heir 3D trajectories, and relativ e v elocities ( v 3D , ONC > 12 km s −1 ),
e can conclude that they are likely ONC runaways rather than being
embers of the sparsely distributed and dispersing population. 
Apart from the likely origin of OBJ-14 from the σ Ori cluster,

e do not find more likely origin clusters in the Orion region for
ur runaway candidates than the ONC, on the basis of 3D closest
pproach analysis and given the much greater rate of ejections 
xpected from the ONC compared to other clusters in the region.
n particular, we do not find more likely alternative clusters of
rigin for our confirmed YSO candidates with the longest ejection 
imescales OBJ-2, OBJ-6, and OBJ-9, strengthening the evidence 
hat they originated from the ONC. 

.4 New oldest runaways and implications for star formation 

fficiency per free-fall time 

mong our very likely runaway candidates, we noted that several 
av e relativ ely old ejection ages. In particular: OBJ-2 has an
jection age of 4 . 40 ± 0 . 27 Myr (and SPOTS isochronal age of
.11 Myr); OBJ-6 has an ejection age of 4 . 34 ± 1 . 07 Myr (and
POTS isochronal age of 3.65 Myr); and OBJ-9 has an ejection
MNRAS 537, 1320–1333 (2025) 
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M

Figure 8. Positions in Galactic coordinates of spectroscopically confirmed YSOs and their plane-of-sky trajectories from the position of closest approach to 
the ONC. Dashed circles indicate concentric radii centred on the ONC at radial distances of 10, 20, and 30 pc. Coloured points and crosses indicate members 
of other nearby young ( < 15 Myr) clusters in the region at mean distances between 350 and 420 pc from Hunt & Reffert ( 2023 ) and Kounkel et al. ( 2022 ), 
grey points are YSOs from the Gaia DR3 variable source catalogue (Marton et al. 2023 ), APOGEE targets from Kounkel et al. ( 2018 ) or candidate young stars 
identified by Prisinzano et al. ( 2022 ). 
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ge of 4 . 68 ± 0 . 31 Myr (and SPOTS isochronal age of 4.25 Myr).
hese ejection ages are longer than those of the oldest known ONC

unaways to date, i.e. μ Col and AE Aur, with an ejection time-scale
f 2.5 Myr (Hoogerwerf et al. 2001 ). 
Thus, assuming that it indeed formed in the ONC and was then

jected, OBJ-9 would set a new record for the oldest detected runaway
tar from the ONC. It also establishes a ne w lo wer limit for the age
f the ONC itself, i.e. 4 . 68 ± 0 . 31 Myr. 
This ne w lo wer limit for the age of the ONC has implications for

he global star formation history, including star formation rates and
NRAS 537, 1320–1333 (2025) 
fficiencies from the natal gas clump, which are important constraints
n models of star cluster formation. Following Tan et al. ( 2006 ) and
a Rio et al. ( 2014 ), we estimate the star formation efficiency per

ree fall time as εff = 0 . 9 ε∗t ff /t form , 90 . We adopt t ff � 0 . 5 Myr, based
n the dynamical mass model of Da Rio et al. ( 2014 ) at about the
alf-mass radius of 1.3 pc. Similarly, based on their models, we
ssume ε∗, i.e. the o v erall fraction of gas that has formed stars, to be
 0 . 5 (including allowance for some already expelled gas). We set

he time-scale for cluster formation, i.e. to form 90 per cent of the
tars, to be our longest ejection age, i.e. 4.68 Myr. Thus we estimate



Low-mass Orion Nebula Cluster runaways 1331 

ε  

o  

a
 

(  

i  

s  

a
s  

l  

w  

s  

a  

I
s
p
t  

s  

s  

d  

a  

f  

e  

l

5

W
p
(  

t  

e
r
t  

w
p  

c

s
l
b  

i

a
t

r  

w

w
c  

H  

c  

Y
c
c
a  

o
e

c

i
u
t  

s

e  

a
a  

t  

T  

a
q

 

e  

o  

(  

p
ε

a
fi
N

A

M
U  

E  

f
a  

s
i  

i
A
c
A  

D

T  

t

R

A
A  

A  

A
B  

B
B
C  

 

C
C
D
D
E  

F

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/537/2/1320/7964892 by C
halm

ers U
niversity of Technology / The M

ain Library user on 12 February 2025
ff � 0 . 048, which is valid at the half-mass radius scale. The value
f εff is expected to be smaller at interior radii, where the densities
re higher and the free-fall time decreases. 

We note that our estimate of εff is similar to that of Da Rio et al.
 2014 ), which is a reflection of the fact that our oldest ejection age
s similar to their estimate of isochronal age spreads in the ONC. It
hould also be noted that the ejection of OBJ-9 4.7 Myr ago would
lready have required the presence of a dense, relatively massive 
tellar system, i.e. at least a triple system from which it is typically the
owest mass member, i.e. OBJ-9, that is ejected. Such a triple system
ould have required some time to form, i.e. if it involves 10 M � of

tars forming from a core in a 
 cl = 0 . 3 g cm 

−2 environment, then
 formation time of 2 . 4 × 10 5 yr is expected (McKee & Tan 2003 ).
n addition, from statistical considerations it is likely that additional 
tars in the proto-ONC would have already been forming before the 
articular system that ejected OBJ-9. Thus star formation is likely 
o have been proceeding in the ONC for longer than 4.7 Myr. Since
tar formation continues today in the ONC and is expected to do
o at least into the near future, it is reasonable to estimate a total
uration of star cluster formation that is > 5 Myr for the ONC. Our
bo v e estimate for εff � 0 . 048 already accounts for a fraction of star
ormation, i.e. 10 per cent, being outside the range measured by the
jection age of OBJ-9 to the present day. Ho we ver, if this fraction is
arger, then our estimate of εff should be regarded as an upper limit. 

 SU M M A RY  A N D  C O N C L U S I O N S  

e have presented follow-up spectroscopic observations of 27 high- 
riority runaway star candidates from the ONC, based on the 2D 

proper motion) traceback analysis of Farias et al. ( 2020 ), and with
he targets selected as showing some indicators of youth, i.e. IR
xcess and/or variability. The targets were also selected to have 
elatively old ejection ages, which would place new constraints on 
he star formation history of the ONC. The primary objective of our
ork has been to confirm whether these targets are indeed YSOs, 
rimarily by the presense of Li, and, by RV measurement, further
onfirm an origin in the ONC via 3D traceback. 

The candidates were observed using the Magellan 2 + MIKE 

pectrograph, providing spectra to identify YSO signatures, such as 
ithium absorption and H α emission, and allowing for 3D traceback 
ased on the measured radial velocity. A summary of our main results
s as follows: 

(i) We identified 11 out of 27 targets that exhibit significant lithium 

bsorption (with 5 of these also showing H α emission), confirming 
heir status as low-mass YSOs. 

(ii) We are able to traceback these confirmed YSOs in 3D and 
evealed that 8 of the 11 YSOs have a closest approach consistent
ith an origin in the ONC ( D min , 3D < 2 . 5 –3 pc; see Section 3.2 ). 
(iii) We cross-match our confirmed YSO runaway candidates 

ith several recent catalogues of clusters, star-forming regions and 
andidate runaways (Kounkel et al. 2022 ; Prisinzano et al. 2022 ;
unt & Reffert 2023 ) to check for alternative possible origins for our

andidates other than the ONC. We find that one of our confirmed
SOs, OBJ-14, is more likely to have originated from the σ Ori 

luster given its 3D trajectory and isochronal age, but our runaway 
andidates with the longest ejection time-scales, OBJ-2, OBJ-6, 
nd OBJ-9, are more likely to originate from the ONC than any
ther nearby young cluster, given the much greater rate of ejections 
xpected from the ONC compared to other clusters in the region. 

(iv) Comparing isochronal ages with ejection ages, we find general 
onsistency in the population, but note that the variation among 
sochronal estimates is large, indicating potentially large systematic 
ncertainties. We consider that our good runaway candidates from 

he ONC have utility in helping to refine and calibrate pre-main-
equence models. 

(v) Among the likely runaway candidates, we identified three with 
jection time-scales greater than 4 Myr, with the oldest, OBJ-9, being
bout 4.7 Myr. Consider previous star formation before the ejection 
nd that star formation in the ONC is still ongoing, this implies that
he o v erall formation time of the ONC is likely to be at least 5 Myr.
his corresponds to about 10 free-fall times of the system (e v aluated
t the half-mass radius), indicating a scenario of relatively slow, 
uasi-equilibrium star cluster formation (Tan et al. 2006 ). 
(vi) The oldest ejection age of the sample of 4.7 Myr allows a new

stimate of the likely mean star formation efficiency per free-fall time
f ε̄ff � 0 . 05. This is similar to the previous estimate of Da Rio et al.
 2014 ), but is now independent of isochronal age estimates based on
re-main-sequence evolutionary tracks. The relatively small value of 

¯ff indicates that star formation has proceeded in a relatively slow 

nd inefficient manner, which likely indicates a role for magnetic 
elds and/or protostellar outflow feedback in regulating its rate (e.g. 
akamura & Li 2007 ). 
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Figure A2. H α ( top) and lithium 6708 Å ( bottom ) lines for OBJ-20. The 
fluxes are normalized non-calibrated counts. 
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